Production of penicillin N and cephalosporins by Cephalosporium acremonium proceeds via the tripeptide 6-(L-a-aminoadipyl)-L-cysteinyl-D-valine (1, 2) . The tripeptide is produced by a reaction involving L-a-aminoadipyl-L-cysteine and L-valine, during which the valine is converted to the D-form. The final steps of cephalosporin C production involve the hydroxylation of deacetoxycephalosporin C to deacetylcephalosporin C followed by acetylation of the latter to cephalosporin C (3). Virtually nothing is known about the steps leading from the tripeptide to penicillin N or deacetoxycephalosporin C, except that neither free 6-aminopenicillinic acid nor 7-aminocephalosporanic acid appears to be involved (4) .
Of great interest has been the question of whether penicillin N and the cephalosporins are products of a branched pathway or whether the former is a precursor of the latter. The chemical transformation of a penicillin into a cephalosporin, achieved by Morin and co-workers (5) , involves the activation of the sulfur atom by oxidation, cleavage of the carbon-sulfur bond by introduction of a double bond, and reclosure of the ring. Until our work (6) , such ring expansion had never been observed in a biological system.
A major breakthrough was the development by Abraham's group (4, 7) of a cell-free system (using lysates of protoplasts of C. acremonium) capable of converting labeled valine or the tripeptide to a compound that appeared to be penicillin N. Bost and Demain (8) confirmed the conversion of labeled valine to a penicillin. Neither group, however, observed labeling of any cephalosporin. Kohsaka and Demain (6) , using a cell-free system supplemented with penicillin N under conditions of high aeration, observed the formation of an antibiotic detectable by a strain of Escherichia colh supersensitive to,B-lactam antibiotics. The antibiotic activity was destroyed by a broad-spectrum f3-lactamase but not by a narrow-spectrum penicillinase. These properties are consistent with the possibility that the product was a cephalosporin. The present studies confirm and extend
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the results of Kohsaka and Demain (6) and give evidence in support of a microbial ring expansion of penicillin N to deacetoxycephalosporin C.
MATERIALS AND METHODS
Unless stated otherwise, all media and conditions for growing C. acremonium CW-19 and its mutants were as described (9) and all experimental methods were as in our previous paper (6) .
Natural penicillin N, deacetylcephalosporin C, and deacetoxycephalosporin C were gifts from R. L. Hamill (Lilly Research Laboratories, Indianapolis, IN). 6-Aminopenicillinic acid was obtained from C. Vezina and K. Singh of Ayerst Laboratories (Montreal, Canada).
Screening Method for Mutants Blocked in Cephalosporin Biosynthesis. Spores and mycelia of C. acremonium CW-19 were harvested from a slant with 5 ml of 0.05 M phosphate buffer (pH 7.0). The suspension was filtered through filter paper (no. 595, Schleicher and Schuell, Inc.), and the filtrate (containing mainly spores) was treated with N-methyl-N'-nitro-N-nitrosoguanidine. Mutagenesis was carried out at 32°C for 60 min in a test tube containing 1.8 ml of spore suspension and 0.2 ml of N-methyl-N'-nitro-N-nitrosoguanidine solution containing 1.0 mg/ml in phosphate buffer. After mutagenesis, the spores were centrifuged at 1000 X g for 10 min and washed with 10 ml of phosphate buffer. Several dilutions were spread on plates of Czapek-Dox agar; these were incubated at 250C for 7 days. The resultant colonies were transferred in a regular pattern to plates of Czapek-Dox agar and allowed to grow for 5 days.
Cylindrical plugs (diameter, 5 mm) were cut around the colonies with sterile plastic straws and incubated on assay plates seeded with the cephalosporin C-detection organism, Alcaligenes faecalss (ATCC 8750). Plugs without a zone of inhibition around them were considered to contain presumptive cephalosporin nonproducing mutants. These were then tested on two additional plates of Czapek-Dox agar seeded with one of the assay organisms supersensitive to #-lactam antibiotics; one of the plates contained penicillinase (Bacto-penase concentrate, 107 units/ml; Difco) (at the concentration used, 10,000 units/ ml, this penicillinase attacks penicillin N but not the cephalosporins). Mutants whose plugs produced no inhibitory zones on either plate were designated type A; those that exhibited a zone only in the absence of penicillinase were designated type B. Mutants that produced zones against the supersensitive assay organism in the presence of penicillinase were considered to be weak producers of cephalosporins and were discarded. Both type A and B mutants were grown at 250C in shaken 250-ml erlenmeyer flasks containing 40 ml of complex (10) cally defined (9) fermentation medium. Assays for penicillin N and cephalosporins were conducted as described below. Preparation of Cell-Free Extract. Five milliliters of aS-to 4-day-old seed culture was used to inoculate 40 ml of chemically defined medium in a 250-ml erlenmeyer flask. The culture was incubated at 250C on a rotary shaker (5-cm-diameter orbit) at 250 rpm. The mycelia were harvested at various times during the fermentation. The flasks were divided into groups of six, and the contents of each group were pooled. The mycelia were washed twice with 60 ml of sterile distilled water and resuspended in a 250-ml erlenmeyer flask containing 40 ml of 0.05 M McIlvaine's buffer (pH 7.2) and 0.01 M dithiothreitol (Sigma). This suspension was incubated for 1 hr at 280C with shaking at 150 rpm. The mycelia were filtered, washed twice with 40-50 ml of chilled sterile distilled water, and resuspended in a 250-ml erlenmeyer flask containing 40 ml of 0.05 M McIlvaine's buffer (pH 7.2) with 1.0 M NaCl, 0.02 M MgSO4, 160 mg of Cytophaga lytic enzyme L1 (Gallard-Schlesinger Chemicals, Carle Place, NY), and 160 mg of Arthrobacter zymolyase (Kirin Brewery, Tokyo, Japan). The suspension was incubated at 280C for 3 hr with shaking at 120 rpm. The resulting protoplast suspension was centrifuged at 800 X g for 10 min. The pellet was washed three times with 60 ml of 0. Cell-Free Reaction. To 1 ml of cell-free extract in a 10-ml erlenmeyer flask were added 10-30,g of penicillin N activity, 5 Amol of adenosine triphosphate (Sigma), 10 Amol of phosphoenolpyruvate (Sigma), and 100 Ag of pyruvate kinase (Sigma). The final pH of the cell-free syst4m was adjusted to 7.2. The mixture (1.2 ml total volume) was incubated for 3-S5 hr at 250C on a shaker at 250 rpm. E. coli Ess (6), E. coli Ess 22-31, or Pseudomonas aeruginosa Pss was used as assay organism. These fl-lactam supersensitive mutant strains are about equally sensitive to cephalosporin C, deacetoxycephalosporin C, deacetylcephalosporin C, and penicillin N. Bioactivity was assayed by placing paper discs containing 25 Al of unknowns or standards on plates of antibiotic medium no. 5 (Difco) with and without 100,000 units of penicillinase (Difco) per 10 ml of agar seeded with the assay organism. After incubation at 370C Total volume in all cases was 147 MAL Incubation was static at 370C for 5 hr. Samples were taken throughout the incubation, and residual activity was determined by the disc-agar diffusion assay (no penicillinase in the agar) with P. aeruginosa Pss as described above.
Purification of Product. (6) , extracts of the parent culture produced an antibiotic activity that, unlike the substrate (penicillin N), was stable to penicillinase. Because the product(s) was destroyed by the broadspectrum -lactamase preparation from E. cloace, we assumed it to be one or more cephalosporins. The dependence of the conversion on added penicillin N is shown in' Fig. 1 . The amount of cephalosporin synthesized was proportional to protein concentration between 3 and 7 mg/ml of reaction mixture (Fig.  2) . Under normal experimental conditions, cell-free extracts with protein concentrations between 6 and 7 mg/ml were obtained. An energy-generating system (ATP, phosphoenolpyruvate, and pyruvate kinase) was required for maximal cephalosporin production from penicillin N. Slight production of cephalosporin(s) was observed without the energy-generating system, but its addition resulted in a marked increase in the synthesis of cephalosporin(s).
The above studies were done with crude (about 15% pure) natural penicillin N. When synthetic penicillin became available, it was tested as a substrate. It was also converted to cephalosporin(s).
In the experiment shown in Fig. 3 The optimal age of mycelia of mutant M-0198 for preparation of extracts was found to be 50 hr (Fig. 5 ).
Type B mutants were also tested in the cell-free conversion.
Our hypothesis predicts that these cephalosporin-negative, penicillin N-positive cultures should be blocked in the penicillin N -p cephalosporin conversion. Fig. 6 shows the inability of cell-free extracts of type B mutant M-1443 to effect the con- deacetylcephalosporin C, and 6-aminopenicillinic acid ( Table   2 ). As expected, none of the inhibitory zones of the cephalosporins was affected when the chromatograms were bioautographed on a penicillinase-containing plate, whereas that of penicillin N standard was eliminated.
To further establish the identity of the reaction product, paper chromatography in an acetonitrile/water system was conducted. The product and deacetoxycephalosporin C behaved in an identical manner, whereas cephaloporn C differed from both (Fig 8 upper) . The product so appeared identical to deacetoxycephalosprin C on paper electrophores (Fig. 8 lower). Further evidence includes the behavior of the cell-free reaction mixture upon exposure to the broad-spectrum #l-lactamase of E. cloacae and to penicillinase. Furthermore, the RF values of the purified product in three thin-layer chromatography systems, one paper chromatography system, and paper electrophoresis indicate that it is deacetoxycephalosporin C. We recognize that further proof must be obtained to establish the linear pathway as the mechanism of biosynthesis of fl-lactam antibiotics in C. acremonium. Conversion of labeled penicillin N and isolation of the reaction product will constitute proof of this hypothesis. At present, the hypothesis is consistent with our data and with the isolation of penicillin N-positive, cephalo- sporin-negative mutants and the lack of isolation of penicillin-negative, cephalosporin-positive mutants by previous workers (13, 14) . It should be noted that our mutant-screening procedure would not have detected the latter type of mutant.
Of practical significance for further work with the cell-free system is the absence of background antibiotic activity in extracts from type A mutants. The high background activity of the parental culture CW-19 complicates the interpretation of cell-free experiments.
